The use of sugarcane straw is a promising option to enhance bioenergy production. But the implications of straw removal for soil greenhouse gas (GHG) emission are not yet fully understood due to scarcity of studies under Brazilian conditions. Four field experiments were designed to assess soil N 2 O and CH 4 emissions derived from nitrogen (N) fertilization under scenarios of sugarcane straw removal in São Paulo state, Brazil. Our focus was also to derive the direct N 2 O emission factor (EF) that represents the regional conditions of sugarcane production, taking into account the data obtained from this study and those from the literature. In each field study, four straw removal rates (no removal (NR); low removal (LR)-removal of 5 Mg ha −1 ; high removal (HR)-removal of 10 Mg ha −1 ; and total removal (TR)-removal of 15 Mg ha −1 ) were arranged in a randomized block design. This study shows a clear evidence that CH 4 fluxes are very low for all assessed sites regardless of straw removal rates, indicating a predominance of CH 4 consumption by the soil. Cumulative N 2 O emissions ranged from 0.20 to 4.09 kg ha −1 year −1 and were significantly affected by straw removal in two sites, indicating that straw removal reduces N 2 O emissions. The average direct N 2 O EFs obtained from this study and from the literature were 0.28, 0.44, 0.70, and 0.56% for TR, HR, LR, and NR treatments, respectively, which are consistently lower than the EF of 1% suggested by the IPCC. Based on our regional-specific EF (Tier 2), the direct N 2 O emissions derived from N fertilization under scenarios of straw removal showed a reduction of at least 50% in relation to IPCC approach. Our findings are a step forward in providing regional-specific data to reduce the high level of uncertainty concerning N 2 O emission assessments of sugarcane ethanol in Brazil, but further studies are needed to evaluate how straw removal for bioenergy production and the associated changes in soil organic carbon stocks affect the GHG balance of sugarcane.
Introduction
Economic and population growth have driven the use of land and other natural resources to produce food, fiber, and energy [1] and, consequently, additional emission of greenhouse gases (GHG) requiring worldwide efforts to develop sustainable alternatives to energy sources [2] . Sugarcane ethanol is one of the most effective options to mitigate GHG emission when compared with other biofuel feedstocks [3] .
Brazil is the largest sugarcane producer in the world, producing 28 billion liters of ethanol in a cultivated area of 8.8 million hectares in 2017/2018, and the state of São Paulo is responsible for 57% of the total cultivated area [4] . In the last few years, the harvest system of sugarcane has undergone profound changes associated with the prohibition of burning prior to harvest and the consequent adoption of the so-called green mechanized harvest without burning [5] , in which a large amount of sugarcane straw is left in the field (10 to 20 Mg ha −1 of dry straw) [6] . Currently, around 96% of the sugarcane fields in São Paulo state are mechanically harvested without burning [4] , and therefore, new possibilities of straw use arise with the growing demand for renewable energy sources. In Brazil, several companies are using sugarcane straw as a raw material for bioelectricity production and two mills are producing cellulosic (2G) ethanol in industrial scale [7] .
However, the maintenance of straw on the soil surface provides numerous agronomic and environmental benefits, such as the maintenance of soil moisture, nutrient recycling, enhanced microbial community, lower water loss, protection against soil erosion, and increase in soil carbon stock, among others [3, 8, 9] . Conversely, the maintenance of large amount of straw in the field has drawbacks, such as increases in GHG emissions [7] . With a global warming potential (GWP) of 265 relative to CO 2 [10] , nitrous oxide (N 2 O) is among the main GHG emitted from soils under sugarcane production. Several studies have indicated that N 2 O emission in sugarcane fields is primarily affected by the application of synthetic N fertilizers [11] [12] [13] . Other studies have also shown that the application of N fertilizer associated with the presence of organic residues increased N 2 O emissions [11, 12] , but the magnitude in which these emissions vary with different amounts of straw on soil surface remains poorly understood. The current IPCC [14] methodology establishes a default direct N 2 O emission factor (EF) of 1% of the N applied as fertilizers or crop residues, but this value may not represent regional-specific conditions of tropical soils in Brazil.
Nitrogen fertilization is a crucial practice to maximize sugarcane yields, being particularly important for highly weathered soils of tropical regions in Brazil [15] . But once N is applied to the soil, several processes occur before N absorption by sugarcane plants, including volatilization, lixiviation, and/or N 2 O emission [16] . The latter is formed in the soil mostly by the microbial processes of nitrification and denitrification [17, 18] , which are highly influenced by moisture, temperature, and soil physical and chemical conditions. Methane (CH 4 ) is another important GHG (GWP of 28 times higher than CO 2 ) in agricultural environments [10] , but so far little or no effect of straw maintenance on CH 4 emissions has been observed in Brazilian sugarcane fields [11, 19] , despite the higher soil moisture and organic C input caused by the straw mulching.
This study was based on the hypothesis that the maintenance of large amounts of straw on soil surface results in higher N 2 O and CH 4 emissions, and the removal of this crop residue is a feasible strategy to mitigate such emissions. To test this hypothesis, four experimental fields were designed to quantify N 2 O and CH 4 emissions under different straw removal strategies in São Paulo state, Brazil. The specific objective was to determine the direct N 2 O EFs from N fertilizer application in sugarcane areas under different amounts of straw. Our focus was also on deriving the direct N 2 O EFs that represent the regional-specific conditions of sugarcane production in São Paulo state, taking into account the data generated by this study and those obtained from published literature. Finally, this study aimed to estimate the direct N 2 O emissions (in kg CO 2 eq ha −1 ) resulted from application of N fertilizer under different scenarios of straw removal by using the default N 2 O EF proposed by the IPCC (Tier 1), and the regional-specific N 2 O EFs (Tier 2) resulted from the entire dataset obtained in this study.
Material and Methods

Sites Description
Four field experiments were carried out in commercial sugarcane farms located in Campinas (site 1), Paulínia (site 2), Quatá (site 3), and Sales Oliveira (site 4), in São Paulo state, southeast Brazil (Fig. 1 ). The experimental sites were strategically chosen to represent the sugarcane areas under different conditions of soil, weather, and harvesting season. Information on geographic coordinates, weather conditions, sugarcane variety, crop aging, harvesting period, and soil classification for each site is presented in Table 1 . Sites 1 and 2 were evaluated during one sugarcane crop cycle (2016/2017), and sites 3 and 4 during two consecutive years (2016/2017 and 2017/2018). All sites have a history of sugarcane cultivation of over 20 years, and approximately 10 years of green mechanized harvesting without burning. The chemical and physical characterizations of soil attributes prior to establishing the experiments in each site are detailed in Table 2 .
Weather data were recorded by automatic meteorological stations installed in the vicinity of the experimental sites, and the climatological water balance was calculated for each site according to methods proposed by Thornthwaite and Mather [24] (Fig. 2 ).
Experimental Design and Treatments
Experimental plots were arranged in a randomized block design with four treatments and four replicates for sites 1, 2, and 3 (16 plots in each location), and with three treatments and three replicates for site 4 (nine plots). Each plot was 9 m long by 9 m wide, comprising six rows of sugarcane at 1.5-m spacing. The treatments were established to evaluate the effects of same rates of straw removal under contrasting edaphoclimatic conditions. The average amount of straw produced in Brazilian sugarcane fields ranges from 10 to 20 Mg ha −1 [6, [25] [26] [27] ; therefore, in this study, we established 15 Mg ha −1 of dry straw as the no removal (NR) treatment, in which all straw is maintained in the field. Subsequently, three straw removal rates were established: (i) removal of 5 Mg ha −1 (low removal (LR)); (ii) removal of 10 Mg ha −1 (high removal (HR)); and (iii) total removal (TR). In this study, four straw removal rates (NR, LR, HR, and TR) in sites 1, 2, and 3 and three (NR, HR, and TR) in site 4 were evaluated.
The amounts of straw on soil surface were quantified yearly after the harvesting of each sugarcane cycle using a metallic frame (0.25 m 2 ) randomly thrown on the field ten times. The straw moisture measurement was performed directly in the field using the sensor AL-104 Agrologic® with E-831 Electrode coupling. After the quantification of the amount of straw produced annually in each site (on dry basis), the adjustment of the exact amount of straw in each experimental plot was performed manually using forage forks and rakes.
The fertilizer application in each site was performed approximately 30 days after harvest with 120 kg ha −1 year −1 of nitrogen and 120 kg ha −1 year −1 of potassium. The N fertilizer source was ammonium sulfate for sites 1 and 2, and ammonium nitrate for sites 3 and 4. The fertilizer was manually applied in bands 0.10 m apart from the sugarcane rows. During the experimental period, organic amendments such as vinasse and filter cake were not applied in the fields. Applications of fungicides, insecticides, and herbicides were uniform in all plots and conducted according to the management strategies as established by each sugarcane farm. 
Measurements of N 2 O and CH 4 Emissions
The sampling of CH 4 and N 2 O was performed using static chambers installed in all experimental plots. In each plot, two chambers (0.30-m diameter × 0.22-m height) were used, one located in the fertilization band and the other in unfertilized band (interrow). In all sites, the chambers were installed 10 days prior to N fertilizer application with the goal of reducing soil disturbance effects. The bases of the chambers were buried into the soil at a 0.05-m depth. The amounts of straw and N fertilizer placed inside the chambers in the fertilized band were calculated considering the chamber diameter. Specifically, 5.4 g of N fertilizer was applied within each chamber, and the amount of straw was dependent on the treatment. GHG samplings were carried out over the periods of 264 (site 1), 293 (site 2), 324 (site 3), and 332 (site 4) days in the 2016/ 2017 crop year, and of 279 (site 3) and 345 (site 4) days in the 2017/2018 crop year. Gas sampling was performed daily on the first five days after fertilization (DAF) and thereafter, three times per week up to 90 DAF. After this period, the evaluations were performed weekly, bi-weekly, and monthly as the emissions subsided. Forty milliliters of gas samples was collected using a BD nylon syringe (Becton Dickson Ind. Cirur. Ltda), after incubation of 0, 15, and 30 min. The samplings were always taken in the morning, between 8 and 10 a.m., in order to standardize the GHG sampling time. After that, the GHG samples were transferred to vacuum glass bottles. Simultaneously, soil moisture and temperature measurements were performed using the MPS 2 Decagon® sensor installed at a depth of 0.10 m.
All gas samples were analyzed in a Shimadzu® gas chromatograph (GC-2014) equipped with a packed column, an electron capture detector to analyze N 2 O, and a flame ionization detector to analyze CH 4 . The flux of each gas was calculated using the linear change in the concentration inside the chamber as a function of the incubation time (30 min). Atmospheric pressure, and chamber height and air temperature were measured concurrently with gas sampling to determine air chamber volume and calculate GHG emissions. The daily gas flux was calculated according to Eq. 1.
where F is the GHG (CH 4 or N 2 O) flux (μg m −2 h −1 ), ΔC/Δt is the rate of change of the gas concentration inside the chamber during the incubation time (μmol mol −1 h −1 ), V is the chamber volume (L), Vm is the molar volume of the gas at the sampling temperature (L mol −1 ), m is the molecular mass of each GHG (N = 14, C = 12), and A is the area of soil covered by the chamber (m 2 ). After this step, the fluxes of CH 4 and N 2 O (in μg m −2 h −1 ) were converted and expressed in terms of grams per hectare per day. Cumulative N 2 O and CH 4 fluxes were calculated by linear interpolation between adjacent sampling dates [28] . We considered that the cumulative emissions by fertilized bands accounted for 20% of the total area and the interrow for 80%. The N 2 O emission factors were calculated based on the amounts of N applied as N fertilizer inside the chamber according to Eq. 2.
where EF N 2 O is the emission factor (N 2 O-N as a percentage of N fertilizer applied); N 2 O-N treatment and N 2 O-N control are the cumulative N 2 O-N emissions from a specific treatment and control; and N fertilizer is the rate of N applied to the soil.
Literature Data
In parallel to the field experiments, we performed a literature review on the studies reporting N 2 O EFs derived from N fertilizers coupled with different amounts of straw maintained on soil surface of areas under sugarcane production in São Paulo state. We conducted a systematic search in the main databases (Web of Science, Scopus, and Google Scholar) to select publications presenting the following keywords: "sugarcane straw," "sugarcane trash," "sugarcane crop residues," "N fertilization," "N 2 O emissions," "N 2 O emission factor," "greenhouse gas emissions," and "São Paulo state, Brazil." After matching the keywords, our search yielded seven papers.
To filter the results, we used additional criteria, such as the following: (i) only studies that evaluated N fertilizer and straw removal rates; (ii) studies performed under field conditions, excluding glasshouse and laboratory incubation trials. After that, only three papers were selected to compose our dataset. The results obtained in the literature were grouped with our field data to derive direct N 2 O EFs that represent the regional-specific conditions of sugarcane fields in São Paulo state, Brazil.
Calculation of Direct N 2 O Emissions from N Fertilizer and Straw
The calculation of the direct N 2 O emissions derived from N fertilizer plus straw was performed using the default N 2 O EF proposed by the IPCC [14] and the regional-specific N 2 O EF (Tier 2) obtained from the entire dataset of this study (e.g., our field studies plus literature review). To estimate the direct N 2 O emissions using the Tier 1 approach, the N 2 O EF of 1% was applied for the amount of N provided by the synthetic fertilizer and for the total amount of N added by sugarcane straw [14] . Thus, to estimate the straw N input, we assumed a N content in the straw of 4.9 g N kg −1 [6] and the respective amount of straw associated with each treatment. For Tier 2, we used the regional-specific N 2 O EFs derived from the application of N fertilizer in sugarcane areas coupled with different amounts of straw on the soil surface. Total N 2 O emissions were converted into CO 2 equivalent using a global warming potential of 265 [10] and results were expressed in terms of kilogram CO 2 eq per hectare.
Statistical Analysis
Analysis of variance (ANOVA) was performed to assess differences in CH 4 and N 2 O cumulative emissions among treatments, and Tukey's test (p value < 0.05) was used to compare means. The ANOVA and Tukey's test were performed using the Sisvar® software [29] . Pearson's correlation analysis was carried out in the R software with the package "PerformanceAnalytics" [30] .
Results
Methane Emissions
The daily CH 4 fluxes observed in all sites varied from negative to positive values. In general, the fluxes varied from − 10 to 10 g ha −1 day −1 for sites 1, 2, and 3 and from − 20 to 10 g ha −1 day −1 for site 4 (Fig. 3A-D) . The cumulative CH 4 fluxes were low for all sites, and in most cases, it indicated a modest consumption of CH 4 by the soil (Fig. 3 ). In site 1, CH 4 consumption was observed for all treatments with significant differences (p < 0.05) among them (Fig. 3A) . In site 2, CH 4 consumption (− 0.27 kg ha −1 year −1 ) was observed only in HR treatment, and low CH 4 emissions were observed in other treatments ( Fig. 3B ). No significant differences among treatments were observed in sites 3 and 4 in both years of evaluation ( Fig. 3C, D) .
Nitrous Oxide Emissions
Higher N 2 O emissions were observed after N fertilizer application following rainfall periods, with significant variations among sites (Fig. 4) . In site 1, straw removal and N fertilization were performed in the dry season and, thus, the peaks of N 2 O emission started 70 DAF simultaneously with rainfall events. The daily emissions ranged from 0.9 to 45.6, from 1.2 to 52.9, from 1.5 to 39.5, and from 1.0 to 68.3 g N 2 O ha −1 day −1 for treatments TR, HR, LR, and NR, respectively (Fig. 4A) . The cumulative N 2 O emissions varied significantly across treatments (p < 0.05), and values of 1.08, 1.90, 1.84, and 2.41 kg ha −1 year −1 were observed for TR, HR, LR, and NR, respectively (Fig. 4A ). For sites 2, 3, and 4, peaks of N 2 O emission were observed soon after N fertilizer application ( Fig. 4B-D) . Increases in N 2 O emissions were observed after N fertilization in sites 2 and 3, but the magnitude of changes was clearly site-specific. Peaks of N 2 O were observed at 30 DAF, with emissions of 118, 85, and 7 g N 2 O-N ha −1 day −1 for sites 2, 3, and 4 in the first-year evaluation, respectively ( Fig. 4B-D) . In the second year, site 3 presented N 2 O emissions 60% lower compared with those in the first year, while the opposite was observed in site 4, where N 2 O emissions were twice as high as those observed in the first year ( Fig. 4C, D) .
The cumulative N 2 O emissions in site 2 were significantly different among treatments, with values of 1.64, 2.10, 4.09, and 2.80 kg ha −1 year −1 for TR, HR, LR, and NR, respectively (Fig. 4B) . In site 3, no differences between treatments were observed in both years, and the cumulative N 2 O emissions ranged from 1.31 to 1.56 kg ha −1 and from 0.97 to 1.35 kg ha −1 year −1 in the first and second years, respectively (Fig.  4C) . In site 4, the lower daily and cumulative N 2 O emissions were observed for all treatments in both years of evaluation, with cumulative emissions ranging from 0.20 to 0.27 kg ha −1 and from 0.24 to 0.38 kg ha −1 year −1 in the first and second years, respectively.
Correlation Between CH 4 and N 2 O Emissions and Soil Attributes
Significant Pearson correlation between CH 4 and soil attributes was observed only in site 4 ( 
N 2 O Emission Factors
The direct N 2 O EFs from N fertilizer application were highly variable across sites, ranging from 0.05 to 1.44% of the N applied (Table 4 ). In site 1, the EFs were significantly increased with the maintenance of straw on the soil surface. Similarly, the N 2 O EFs in site 2 increased with large amount of straw on the soil surface (p < 0.05), with the highest N 2 O EF occurring in LR treatment. No differences between treatments were observed in site 3 in both years of evaluation, and higher values of N 2 O EF (from 0.42 to 0.69%) were observed in the first year in comparison with the second year (from 0.23 to 0.38%). Site 4 presented lower N 2 O EF in relation to the other sites, and differences across treatments were observed only in the second year.
By grouping the N 2 O EF values found in this study with those summarized from the literature (Table 4) , we observed decrease in N 2 O EFs as a function of straw removal. Averaged N 2 O EFs of 0.28, 0.44, 0.70, and 0.56% were observed in the following straw removal Cumulative emission values followed by the same letters do not differ significantly by Tukey's test (p < 0.05) and "ns" means no significant difference across treatments rates: TR, HR, LR, and NR, respectively (Fig. 5 ). There was clear evidence of lower N 2 O EF with lower amount of straw on soil, despite the high variability of the data indicated by the boxplots. Cumulative emission values followed by the same letters do not differ significantly by Tukey's test (p < 0.05) and "ns" means no significant difference across treatments
Direct N 2 O Emissions from N Fertilizer plus Straw Removal
Using the Tier 1 approach, the direct N 2 O emissions from N fertilizer and straw N (expressed in CO 2 eq) from sugarcane soils were 500, 602, 704, and 806 kg CO 2 eq ha −1 for TR, HR, LR, and NR, respectively ( Fig. 6 ). Conversely, using the regional-specific EF data (Tier 2), the direct N 2 O emissions from N fertilizer plus straw were 139, 218, 351, and 280 kg CO 2 eq ha −1 for TR, HR, LR, and NR, respectively.
Discussion
Implications of Straw Removal for Soil CH 4 Emissions
Sugarcane ethanol has a high potential to mitigate GHG emissions from fossil fuels and other bioenergy crops [3] , but the effective mitigation potential is highly influenced by management practices adopted within the sugarcane production chain. Few studies have presented data on CH 4 emissions from sugarcane management practices in Brazil, and most of them indicate low emissions or consumption of CH 4 from sugarcane soils [11, 19, 32, 33] . These studies indicate that site-specific conditions including soil type, climate conditions, tillage, irrigation, and straw mulching can determine whether the soil is a sink or a source of CH 4 .
No clear effect of straw removal on CH 4 fluxes was observed in all locations evaluated in this study. Considering that sugarcane in Brazil is predominantly cultivated in deep, well-drained, and highly weathered soils [3] , the combination of temperature, water content, and available C provided by crop residues seems to favor the methanotrophic bacteria activity and increase CH 4 oxidation [34] , resulting in low emissions or even consumption of CH 4 . Additionally, the maintenance of straw improves soil physical conditions [8] , which probably decreases the microsites of anaerobiosis, offsetting the effect of the high organic C input, thus reducing CH 4 emissions in sugarcane fields.
In our study, the highest CH 4 uptake over 2 years was observed in site 4 (Fig. 3d ), which may be attributed to the combined effect of lower soil bulk density and higher macroporosity ( Table 2) , indicating an inverse correlation between soil compaction and CH 4 consumption. Site 4 is a well- [36] . Aligned with these findings, the CH 4 consumption in site 4 was inversely correlated with temperature and directly with soil moisture (Table 3) , which is consistent with findings that the straw mulching increases soil moisture and reduces soil temperature [37] . The mechanism of CH 4 consumption in Brazilian sugarcane soils is likely to be associated with the "low-affinity oxidation," in which CH 4 is produced in microsites of anaerobiosis, diffused into a more aerated region, and then converted into CO 2 by methanotrophic bacteria [38] .
Some studies pointed out that clayey soils emitted less CH 4 than sandy soils [39] [40] [41] , especially because clay particles favor the trapping of CH 4 bubbles in soils, decreasing such emissions [39] . In this way, the highest CH 4 uptake was observed in the site with higher clay content (Fig. 3D ). However, site-specific conditions may prevail because sites 1 and 2 also present high clay content but showed a different pattern of CH 4 emissions. In addition, substantial variability of CH 4 fluxes (i.e., from emissions to consumption of CH 4 ) is quite common in sugarcane cultivated soils, and other environmental factors that regulate CH 4 dynamics could make data interpretation difficult. Notwithstanding, our data indicate that sugarcane soils, regardless of straw removal rates, act predominantly as a net sink for CH 4 , in line with other studies conducted in sugarcane fields in Brazil [11, 19, 32, 33] . Direct N 2 O emissions (kg CO 2 eq ha −1 ) due to synthetic N fertilizer and straw in scenarios of sugarcane straw removal, São Paulo state, Brazil. Straw removal rates: total removal (TR), high removal (HR), low removal (LR), and no removal (NR). Annual N fertilizer rate, 120 kg ha −1 . N content in the straw, 4.9 g kg −1 [6] . Tier 1 -IPCC approach; Tier 2 -Regional-specific approach based on data from this study
Implications of Straw Removal for Soil N 2 O Emissions
Despite being highly variable, the daily N 2 O emissions (ranging from 0.2 to 4.1 kg N 2 O-N ha −1 year −1 ) observed in this study are of the same magnitude as those reported in other studies conducted in sugarcane in Brazil [11, 12, 17, 18, 31] . The N 2 O emissions induced by N fertilizer plus straw removal in sugarcane fields were clearly site-specific (Fig. 4) . In agreement with previous studies [11, 12, 18, 42, 43] , our findings confirmed a distinct pattern of N 2 O emissions when N fertilizer is applied during the dry and the wet seasons, with higher N 2 O emissions in the wet season (site 2). Enhanced N 2 O emissions occurred when N fertilizer was applied in the rainy season (Fig. 4B) , probably due to the increase in moisture condition and fast organic C mineralization, thus favoring the soil microbial activity [44] .
Sandy soils are commonly seen as well-drained, it can produce lower N 2 O emissions than clay soils [45] . However, in this study, the coarse-textured soil (site 3) showed lower soil macroporosity ( Table 2 ) and higher N 2 O emissions relative to a clay-textured soil (site 4). The coarse-textured soil (site 3) was also compacted ( Table 1) and exhibited low water infiltration rates (data not shown). Soils on sites 1, 2, and 4 presented similar clay content (> 60%) but exhibited distinct bulk density and macro-and microporosity distribution. Increased proportions of micropores with consequent reduction in macropores in sites 1 and 2 indicate that a higher tension is required for soil drainage and air diffusion [46], allowing anaerobic microsite formation where nitrifier-denitrification and denitrification can occur [47, 48] . Our results did not provide a clear association between clay content and N 2 O emissions, suggesting that other factors including soil physical quality and/or local soil microbial community can determine the magnitude of such emissions.
Averaged N 2 O emissions in site 4 were approximately 85% and 90% lower than those observed in sites 1 and 2, respectively. As already discussed for the CH 4 emission data, the low N 2 O emissions in site 4 are likely to be associated with low soil bulk density and high macroporosity ( Table 2) , since this area had been manually harvested without machinery traffic in the last 4 years. Other studies have indicated high N 2 O emissions in soils under low macroporosity and high soil bulk density [36, 46] . Tullberg et al. [36] reported that the adoption of controlled traffic could reduce soil N 2 O emissions by 30%, since this practice reduces soil trampling on sugarcane rows and improves soil physical conditions. In a comprehensive review about the effects of soil structure on N 2 O emissions, Ball et al. [49] concluded that the N 2 O production is mainly derived from "hot spots" activity and, therefore, mitigation strategies that increase soil porosity and the interaction between soil physical and biological processes should be a key priority. Additionally, soil pH may have had a dominant role in the lower N 2 O emissions from site 4. Wang et al. [50] reported that N 2 O emission induced by N fertilizer application is negatively correlated with soil pH, indicating that more acidic soils (like sites 1 and 2) can release significantly high N 2 O rates.
We observed increased soil temperature with straw removal from all sites, which may have caused the significant correlations between temperature and N 2 O emissions in sites 1 and 3 (Table 3) . Similarly, other studies concluded that the N 2 O production, regardless of the pathway (nitrification or denitrification), is enhanced with increased soil temperature [51, 52] . Straw mulching also acts as a physical barrier and preserves soil moisture by avoiding direct exposure of soil to solar radiation while reducing the amplitude of soil temperature along the day [7] . By isolating the effects of straw N input and soil moisture, Fracetto et al. [52] concluded that the indirect effect mulching on soil moisture rather than straw N input is the main factor contributing to increases in N 2 O emission from sugarcane fields where straw was preserved. Similarly, Vargas et al. [35] observed twofold higher N 2 O emission under straw retention, indicating that soil moisture accelerates crop residue decomposition by microbial activity and, consequently, enhances N 2 O production. Besides soil attributes, sugarcane straw quality can affect N 2 O emissions in sugarcane soils. Sugarcane straw has a slow decomposition rate because of the high C/N ratio (100:1) and the high concentrations of lignin and polyphenols [6] , which in turn affect N availability (immobilization of soil N), thus leading to lower N 2 O emissions.
Lower N 2 O emissions induced by straw removal on sites 1 and 2 are consistent with previous studies conducted in sugarcane fields in Brazil [11, 12, 19, 35, 53] . But this does not apply to all situations [31, 42] as observed in sites 3 and 4 ( Fig.  4) , where straw removal did not show significant influence on N 2 O emission. The high variability of N 2 O emissions observed in this study as well as those reported in the literature are associated with many factors, such as the large variations in edaphoclimatic conditions, long periods of sugarcane harvesting (extending from March to November), and soil microbiome heterogeneity, making it difficult to determine the overall effects of straw removal on N 2 O emissions [19, 42, 54] .
The direct N 2 O EFs from N fertilizer plus straw in sugarcane soils are quite variable and are, on average, below the 1% value proposed by the IPCC [14] . This was confirmed in this study with an averaged N 2 O EF of 0.47% (including this study and literature data), which has also significantly changed in scenarios of straw removal (Fig. 5) . The direct N 2 O EFs were 72%, 56%, 30%, and 44% lower than those proposed by the IPCC [14] for TR, HR, LR, and NR scenarios, respectively. Our findings indicate that straw removal could be considered a feasible strategy to reduce the direct N 2 O EFs from N fertilizers in sugarcane fields on a short-term basis. However, it is important to mention that this study evaluated only the implications of straw removal on N 2 O emissions and did not account for changes in SOC stocks. Several studies have indicated that straw is an important source of C to the soil [25, [55] [56] [57] and the indiscriminate removal of this crop residue depletes SOC stocks in sugarcane fields [58, 59] . Aligned with these results, previous studies on GHG balance of sugarcane ethanol have shown that SOC stock change is an important component of the overall GHG balance in sugarcane fields [5, 60, 61] . Based on that, we advocate that further studies should quantify the net GHG emission balance in scenarios of straw removal by taking into account the emissions of CH 4 and N 2 O, and the changes in SOC stocks induced by straw removal for bioenergy production.
Additionally, we did not analyze the drawbacks of straw removal on soil quality [62] and nutrient recycling [63] . Nutrient recycling is one of the main reasons for maintaining straw in the field, and the indiscriminate removal should intensify the use of synthetic N fertilizers as well as that of other nutrients. Although several studies have indicated that only a small proportion (ranging from 3 to 30%) of the N from straw is mineralized over 1 year [64] [65] [66] [67] [68] , suggesting that the maintenance of straw in the field every year is beneficial for improving the soil N budget in the long term [69] . Indeed, Trivelin et al. [63] used a modeling approach to show that maintaining straw in sugarcane fields over a 40-year period would lead to a reduction of N fertilizer inputs equivalent to 40 kg ha −1 year −1 . Therefore, we suggest that additional studies should also include the effects of straw removal on N fertilizers requirements in the long-term, as well as the associated potential for reducing soil N 2 O emissions.
Estimation of N 2 O Emissions from N Fertilizer in Different Scenarios of Straw Removal
Since measured data on N 2 O emissions from sugarcane fields have not often been available to represent the Brazilian edaphoclimatic conditions, studies on life cycle assessment of sugarcane ethanol have usually relied on IPCC default data (e.g., recommended when regional-specific data are unavailable) to assess the GHG emissions associated with sugarcane cultivation [61, 70] . However, this approach involves many uncertainties and could not represent the prevailing conditions on a regional scale. Our findings indicated that regardless of treatments and/or sites, the average direct N 2 O EF value is consistently lower than the IPCC default value (Fig. 5 ).
By using a default N 2 O EF (1%) proposed by the IPCC [14] , studies of life cycle assessment show that the N 2 O emissions derived from synthetic N fertilizers (40%) and sugarcane straw (9%) may represent around 49% of the total GHG emissions associated with sugarcane production [71] . However, the dataset presented herein indicates that the average N 2 O EF associated with N fertilization under scenarios of straw removal (ranging from 0.28 to 0.70%) is consistently lower compared with that of the IPCC Tier 1 approach (Fig. 5) . Therefore, the share of N fertilizers plus straw in the overall GHG emissions associated with sugarcane production could be strongly reduced by applying the regional-specific EF obtained in this study. Large discrepancy of site-specific data in relation to IPCC default EF (1%) has also been reported in a global meta-analysis of N 2 O EF from agricultural soils, indicating an average N 2 O EF of 0.59 ± 0.27% for crop residues plus N fertilizer [72] , which is of the same magnitude of those observed in this study. Based on these evidences, our results suggest that the use of regional-specific data (Tier 2) may represent an average reduction of 63% (ranging from 50 to 72%) in the direct N 2 O emissions from N fertilization in scenarios of straw removal (Fig. 6 ). This will improve the already good sustainability indicators of bioenergy derived from sugarcane [3] .
Our findings are a step forward in providing regionalspecific data to reduce the high level of uncertainty concerning N 2 O emissions assessments of sugarcane ethanol. However, it is important to highlight that these findings were obtained in short-term studies and may be associated with specific weather conditions. We advocate that long-term studies, as well as the use of biogeochemical models, should be encouraged in Brazil in order to obtain more accurate data on N 2 O emissions in sugarcane fields. Certainly, LCA users will be able to estimate GHG emissions of sugarcane ethanol using regionalspecific N 2 O EF, thus better representing the prevalent edaphoclimatic conditions of sugarcane production in São Paulo state, Brazil. Furthermore, the data presented in this study may have practical relevance to help the sugarcane industry to make informed decisions on straw management as a key strategy of GHG mitigation and financial gains. To encourage the adoption of more sustainable management practices, the Brazilian government recently launched RenovaBio programme [73] that establishes mechanisms of financial compensation for bioenergy with low GHG emissions.
Conclusion
This study provides information to guide future inventories of the N 2 O emissions from sugarcane ethanol and how the straw management can affect such emissions on a short-term basis. Our findings suggest that GHG emissions are highly variable due to soil type, soil physical and chemical conditions, N fertilization season, and crop year, among others. Overall, this study shows clear evidence that CH 4 fluxes are very low for all assessed sites regardless of straw removal rates, indicating a predominance of CH 4 consumption by the soil. The N 2 O emissions induced by straw removal in sugarcane fields were clearly site-specific and, on average, straw removal can be used as a management target to reduce N 2 O emissions from sugarcane fields. Averaged regional N 2 O EFs of 0.28%, 0.44%, 0.70%, and 0.56% were observed for TR, HR, LR, and NR scenarios, respectively. This study indicates that the use of default N 2 O EF proposed by the IPCC may overestimate the direct N 2 O emissions from N fertilizer plus straw in the most intensively cultivated sugarcane region in southern Brazil and suggests that the use of the regional-specific N 2 O EF data can reduce the high levels of uncertainties concerning the GHG emissions of sugarcane bio-based products.
